Background: Secreted PCSK9 regulates LDL levels in plasma by mediating degradation of hepatic LDL receptors. Results: LDL binds to PCSK9 in human plasma and in vitro and inhibits PCSK9 binding to cell surface LDL receptors. Conclusion: A large proportion of circulating PCSK9 is bound to LDL in humans. Significance: Regulatory mechanisms that affect activity of secreted PCSK9 represent novel targets for cholesterol-lowering therapies.
the LDL receptor (LDLR), a cell surface protein that binds to the apolipoprotein B100 (apoB100) protein component of LDL with high affinity and promotes LDL particle uptake into cells via clathrin-mediated endocytosis (1) . LDL is released from the LDLR within the acidic environment of the early endosome, after which the LDLR recycles to the cell surface.
The monogenic disorder autosomal dominant hypercholesterolemia derives from defective LDLR pathway clearance of plasma LDL-C and predominantly occurs as a result of mutations in LDLR (2) or APO-B100 (3) . In rare cases autosomal dominant hypercholesterolemia results from point mutations of the gene encoding proprotein convertase subtilisin/kexin type-9 (PCSK9), a secreted serine protease (4) . PCSK9 has been identified as a central regulator of plasma LDL-C levels though its ability to bind to LDLRs and mediate LDLR degradation in the liver (5, 6) . Gain-of-function mutations in PCSK9 are associated with autosomal dominant hypercholesterolemia (7, 8) ; conversely, loss-of-function mutations in PCSK9 are associated with lowered levels of plasma LDL-C and decreased incidence of cardiovascular heart disease (9, 10) .
PCSK9 is a member of the proprotein convertase (PC) family of serine proteases related to bacterial subtilisin and yeast kexin (8) . PCSK9 is a modular protein consisting of a signal sequence followed by a prodomain, a subtilisin-like catalytic domain, and a C-terminal cysteine-and histidine-rich domain (11) . Autocatalytic processing of PCSK9 in the endoplasmic reticulum results in release of the ϳ14-kDa prodomain, which remains associated with the ϳ60-kDa catalytic/C-terminal domains, masking the catalytic site in the mature secreted protein (8, (12) (13) (14) . Although mature PCSK9 possesses inherent protease activity (13) , this function is not required for LDLR degradation in response to exogenous PCSK9 in HepG2 cells (15) nor in mouse liver (16) . Indeed, PCSK9 binds to the LDLR at a surface region of the catalytic domain that is Ͼ20 Å removed from the active site (17) . The primary PCSK9 binding site on LDLR is located within the first of three epidermal growth factor-like repeats (EGF-A) of the EGF homology domain of the receptor, and this binding reaction is required for PCSK9-mediated LDLR degradation (18) . In contrast to the ligand LDL, PCSK9 binding affinity to LDLR is dramatically increased at acidic pH (13, 18) . Thus, PCSK9 fails to release from LDLR in the early endosomes and directs the receptor for degradation in late endosomes/lysosomes through an as yet undefined mechanism (18) .
PCSK9 is mainly expressed in liver, with lower levels of expression in kidney, intestine, and brain (8) . Like the LDLR, gene expression of PCSK9 is positively regulated by SREBP-2, a transcription factor that is activated in response to cellular cholesterol depletion (19 -21) . Cholesterol-lowering treatments with statins or ezetimibe have been shown to increase circulating PCSK9 levels in humans (22) (23) (24) , which may limit their efficacy at lowering plasma LDL-C levels. Importantly, PCSK9 inhibition by either RNAi (25) or blocking antibodies (26) lowered plasma cholesterol levels and augmented the action of statins in mice and non-human primates and more recently in clinical trials in humans (27) .
Plasma PCSK9 levels, as measured by ELISA, can vary widely within humans. For example, in one study of 3138 individuals, PCSK9 varied over an ϳ100-fold range (33-2988 ng/ml; median ϭ 487 ng/ml) (28) . Nevertheless, a positive statistical correlation has been shown between levels of PCSK9 and plasma total cholesterol (29 -31) . Plasma PCSK9 has recently been shown to decrease with fasting in humans and transiently increase postprandially, mirroring markers of cholesterol synthesis (32), with its circulating levels following a diurnal rhythm (33) .
It remains unclear whether the majority of plasma PCSK9 measurable by ELISA represents active or inactive forms of the protein. For instance there is evidence that a truncated form of PCSK9 found in human plasma samples results from proteolysis of PCSK9 by furin at a site in the catalytic domain that would remove a region of the protein required for LDLR binding (34) . PCSK9 also displays considerable size heterogeneity in plasma samples, with evidence of oligomeric forms and/or association with large macromolecular complexes that may influence activity (35, 36) .
Prompted by evidence of circulating PCSK9 association with large complexes, we investigated the potential interaction of PCSK9 with LDL in human plasma. We report that Ͼ40% of PCSK9 can be recovered in isolated plasma LDL derived from fasted normolipidemic subjects and that PCSK9 binds to LDL in vitro in a specific and saturable manner. Although LDL inhibited binding and degradation of cell surface LDLRs by exogenous PCSK9 in cultured hepatic cells, this effect did not require LDL binding to LDLRs, indicating the inhibitory effect is manifest on the PCSK9 molecule. These results raise the possibility that circulating PCSK9 bound to LDL has decreased binding activity toward cell surface LDLRs.
EXPERIMENTAL PROCEDURES
Materials-We obtained Lipofectamine 2000, fetal bovine serum (FBS), and newborn calf serum from Invitrogen, Optiprep TM density gradient medium (60% w/v iodixanol) from Axis-Shield, cholesterol and 25-hydroxycholesterol from Steroloids, and EDTA-free Complete TM Protease Inhibitor Tablets from Roche Applied Science. All other reagents were from Sigma unless otherwise specified. Sodium mevalonate was prepared from mevalonic acid as described (37) . Newborn calf lipoprotein-deficient serum (d Ͼ 1.215 g/ml) was prepared by ultracentrifugation (38) . The LDLR cDNA expression vectors used in these studies were pLDLR17 (39) and LDLR⌬R6 mutant constructed in pLDLR17 containing a deletion of residues 211-251 in the ligand binding domain (provided by R. Milne, University of Ottawa Heart Institute).
Antibodies-13D3, a monoclonal antibody developed against full-length human PCSK9 that recognizes an epitope in the catalytic domain, was a generous gift from J. Horton (University of Texas Southwestern Medical Center, Dallas, TX); rabbit antiserum 1697 against full-length human PCSK9 was custom-produced by Biomatik (Cambridge, Ontario, Canada); rabbit antiserum 3143 against the C-terminal 14 amino acids of LDLR was the kind gift of J. Herz (UT Southwestern Medical Center); 7H2, a monoclonal antibody recognizing non-reduced LDLR, and 1D1, a monoclonal antibody against human apoB, were kindly provided by R. Milne (University of Ottawa Heart Institute); goat anti-serum against apoB was from Millipore (catalogue no. 178467); a mouse anti-human transferrin receptor antibody was purchased from Invitrogen; biotin-labeled monoclonal anti-human IgG1 antibody, monoclonal anti-actin antibody (AC-10), and monoclonal anti-FLAG M2 antibody were from Sigma. Secondary IRDye-labeled goat anti-mouse and anti-rabbit IgG antibodies were from LI-COR Biosciences.
Protein Preparation-FLAG epitope-tagged recombinant human wild-type PCSK9 and PCSK9 expressing the gain-offunction D374Y mutation were produced in stably transfected HEK293S cells and purified as previously described (40) with the exceptions that suspension cells were cultured in UltraDOMA TM medium (Lonza) supplemented with 10% (v/v) FBS, and final purification and buffer exchange was completed on a Superdex 200 10/300 GL column (GE Healthcare). Fluorescently labeled PCSK9 was prepared using the DyLight Antibody Labeling kit (Pierce) as per the manufacturer's instructions. The EGF-AB fragment of human LDLR (residues 293-372) was expressed as a glutathione S-transferase (GST) fusion in Rosetta-gami B cells (EMD Biosciences) and purified by glutathione chromatography followed by size-exclusion chromatography.
Cultured Cell Experiments-HuH7 human hepatoma cells (kindly provided by D. Figeys, University of Ottawa) were maintained in monolayer culture at 37°C in 8 -9% CO 2 and were cultured in one of the following media: Medium A contained DMEM (4.5 g/liter glucose; Invitrogen) supplemented with 100 units/ml penicillin and 100 g/ml streptomycin sulfate; Medium B contained Medium A supplemented with 10% FBS (v/v); sterol-depleting Medium C contained Medium A supplemented with 5% (v/v) newborn calf lipoprotein-deficient serum, 10 M pravastatin, and 50 M sodium mevalonate; sterol-supplemented Medium D contained Medium A with 5% (v/v) newborn calf lipoprotein-deficient serum, 10 g/ml cholesterol, and 1 g/ml 25-hydroxycholesterol.
LDLR Degradation Assays-HuH7 cells were cultured in Medium B to ϳ50% confluency then cultured in sterol-depleting medium C for 18 -24 h. Recombinant PCSK9-D374Y was incubated with LDL in medium C for 30 min at 37°C, then the preconditioned medium was added to cells for 4 h at 37°C.
Whole cell extracts were prepared with Tris lysis buffer (50 mM Tris-Cl, pH 7.4, 150 mM NaCl, 1% Nonidet P-40 (EMD Biosciences), 0.5% sodium deoxycholate, 5 mM EDTA, 5 mM EGTA, Complete TM protease inhibitor mixture, 1 mM phenylmethylsulfonyl fluoride (PMSF)), subjected to 8% SDS-PAGE, and transferred to nitrocellulose membranes (Bio-Rad) for immunoblot analysis. Secondary infrared dye (IRDye800)-labeled antibodies were used for detection on a LI-COR Odyssey infrared imaging system (LI-COR Biosciences). Band intensity was quantified using Odyssey 2.0 software.
PCSK9 Cellular Uptake Assays-HuH7 cells were grown and treated as described above with exception that 50 M chloroquine was added to culture medium 30 min before and during 4 h of treatment with PCSK9-D347Y and LDL to inhibit lysosomal degradation of internalized PCSK9. In LDLR expression studies, HuH7 cells were transiently transfected with LDLR cDNA expression vectors using Lipofectamine 2000. Cells were then incubated overnight in sterol-supplemented medium D before treatments. Whole cell extracts were prepared for SDS-PAGE and immunoblot analysis as described above.
Ligand Blot Assays-HEK293 cells were transiently transfected with LDLR cDNA expression vectors with Lipofectamine 2000. Cells were resuspended on ice in sorbitol microsome buffer (50 mM HEPES-KOH, pH 7.2, 250 mM sorbitol, 10 mM KCl, 1.5 mM MgCl 2 , Complete TM protease inhibitor mixture, 1 mM PMSF) and disrupted with 10 passages through a 23-gauge needle. Membranes were pelleted by centrifugation at 100,000 ϫ g for 30 min then resuspended in pH 6/Triton X-100 buffer (40 mM Tris-maleate, pH 6.0, 100 mM NaCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 1% Triton X-100, Complete TM protease inhibitor mixture, 1 mM PMSF). Membrane proteins (35 g/lane) were resolved on 8% SDS-PAGE under non-reducing conditions and transferred to nitrocellulose membranes. Membranes strips were blocked for 30 min (50 mM Tris-Cl, pH 7.4, 90 mM NaCl, 2 mM CaCl 2 , 2% (w/v) BSA, 0.05% (w/v) skim milk) then incubated for 1 h with 0.5 g/ml DyLight680-labeled PCSK9-D374Y, 75 g/ml LDL, or IgG-7H2 to native LDLR in blocking buffer followed by 3 ϫ 10-min washes in blocking buffer containing 0.2% BSA. Blots were scanned on a LI-COR Odyssey infrared imaging system for visualization of LDLR-bound proteins either directly for dye-labeled PCSK9 or after immunoblot for apoB and using an IRDye800-labeled secondary antibody. Ligand blotting to LDLR EGF-AB protein was performed as above after slot-blotting of purified EGF-A protein to nitrocellulose using a Bio-Rad apparatus according to the manufacturer's instructions.
Plasma Collection and Lipoprotein Isolation-Blood samples were drawn from fasted healthy volunteers into evacuated tubes containing EDTA, and plasma was separated by low speed centrifugation. Protease inhibitors were added to the cleared plasma (1 mM PMSF and 50 units/liter aprotinin). VLDL (d ϭ 1.006 g/ml), LDL (d ϭ 1.019 -1.065 g/ml), and HDL (d ϭ 1.065-1.21 g/ml) were isolated from human plasma using sequential potassium bromide flotation ultracentrifugation (41) followed by extensive dialysis against phosphate-buffered saline (PBS) containing 0.25 mM EDTA. Protein concentrations in lipoprotein preparations were determined using a modified Lowry assay (42) . LDL used for cell culture experiments was prepared with omission of protease inhibitors. Endogenous plasma PCSK9 was quantitatively recovered in the non-lipoprotein fraction after ultracentrifugation in high salt solutions (data not shown) and did not associate with any lipoprotein fraction.
Plasma Separation-Plasma samples were separated using a three-layered Optiprep gradient modified from a previously described protocol (43) . A 12% Optiprep plasma solution was prepared by diluting 0.75 ml of plasma with 0.29 ml of 60% Optiprep and 0.26 ml of 10 mM Tris, pH 7.4. In Thinwall UltraClear 2.2 ml tubes (Beckman Coulter), the plasma solution was layered below a 9% Optiprep solution (0.7 ml) prepared in 10 mM Tris, pH 7.4, and the tube was overlaid with 10 mM Tris, pH 7.4 (0.2 ml). The gradients were centrifuged in a TLS55 rotor (Beckman Coulter) at 100,000 ϫ g for 18 h at 4°C. Fractions were collected by aspiration from the upper layer.
Analysis of Optiprep Gradient Subfractions-Equivalent amounts of gradient fractions were adjusted to 0.5 ml in radioimmune precipitation assay buffer containing Complete TM protease inhibitor mixture and 1 mM PMSF. Proteins of interest (PCSK9, apoB, IgG1) were precipitated overnight at 4°C using antibody against either PCSK9 (1697) or apoB (178467) and protein A magnetic beads (Millipore). The beads were washed three times with radioimmune precipitation assay buffer and eluted in SDS-PAGE sample buffer for immunoblot analysis. To co-immunoprecipitate LDL and PCSK9, a total of 0.15 ml of the LDL fraction was brought up to a volume of 0.5 ml in 10 mM Tris, pH 7.4, 75 mM NaCl. Protein A beads and 10 l of polyclonal antibody against apoB were added to the diluted fraction and incubated for 1 h at 4°C. The beads were washed 3 times with 10 mM Tris, pH 7.4, and eluted in SDS-PAGE sample buffer for immunoblot analysis.
PCSK9 Binding to Lipoproteins in Vitro-DyLight800-labeled PCSK9 (1.25 g/ml) was incubated with 0.5 mg/ml LDL or 1.0 mg/ml VLDL in the presence of 1% BSA. The reaction mixtures were incubated at 37°C for 45 min and then separated using three-layered Optiprep gradients, as described under "Plasma Separation" above. The lipoprotein fractions were subjected SDS-PAGE and gels scanned directly to visualize DyLight800-labeled PCSK9 then transferred to nitrocellulose and immunoblotted for apoB as above. For binding to HDL, reaction mixtures were separated by FPLC on a Sephadex 200 10/300 GL column (GE Healthcare). Cholesterol was measured in column fractions using a kit (Biovision), and PCSK9 was measured by immunoblotting. PCSK9 binding to LDL was similarly determined using separation on a Superose 6 10/300 GL column.
Binding Studies-To generate saturation binding curves, isolated PCSK9-free LDL (0.5 mg/ml) was incubated with an increasing amount of purified PCSK9 (a mix of unlabeled and Dylight800-labeled PCSK9 at a 50:1 ratio) in Hepes buffer saline-calcium buffer (25 mM Hepes-KOH, pH 7.4, 150 mM NaCl, 2 mM CaCl 2 ) containing 1% BSA for 1 h at 37°C. 4ϫ loading dye (10% Ficoll-400, 0.01% bromphenol blue) was added to the reactions, and the mixtures were resolved on 0.7% agarose gels (SeaKem LE) for 2 h at 40 V with electrode buffer of 90 mM Tris, pH 8.0, 80 mM borate, 2 mM calcium lactate. Gels were scanned directly using the LI-COR Odyssey infrared imaging system (LI-COR Biosciences), and bands representing DyLight800-PCSK9 bound to LDL were quantified using Odyssey 2.0 software (LI-COR Biosciences). The K D was determined by fitting data to a saturation curve by nonlinear regression using Prism 5 software (GraphPad software, Inc.). For competition binding, LDL was incubated as above with 100 nM DyLight800-labeled PCSK9 with increasing amounts of unlabeled PCSK9. The reaction mixtures were resolved on agarose gels as above, and K i was determined by fitting the band intensity data to a sigmoidal dose-response curve using nonlinear regression.
Simultaneous Binding of PCSK9 to LDL and LDLR EGF-A Domain Protein-LDL (1 mg/ml), PCSK9-D374Y (a mix of unlabeled and Dylight680-labeled protein at a 30:1 ratio) (40 g/ml), and/or DyLight800-labeled EGF-AB-GST (3 g/ml) were incubated in various combinations (see Fig. 4 for details) and resolved on agarose gels as described above with the exception that gel and running buffer was 40 mM Tris acetate, pH 7.2, 2 mM CaCl 2 . Gels were transferred to nitrocellulose by capillary blotting, and dye-labeled PCSK9 and EGF-A proteins were visualized using the LI-COR Odyssey infrared imaging system.
Statistical Analysis-All presented values are the mean Ϯ S.D. Statistical significance of differences between groups was determined using GraphPad Prism 5 software.
RESULTS
Binding of PCSK9 to LDL in Human Plasma-Flotation ultracentrifugation in iodixonal (Optiprep) gradients was used to assess PCSK9 association with lipoproteins in a pooled human plasma sample derived from 5 (2 male, 3 female) fasted normolipidemic subjects (total cholesterol 4.26 Ϯ 0.8 mmol/ liter; LDL-C 2.52 Ϯ 0.8 mmol/liter; triglycerides 1.19 Ϯ 0.5 mmol/liter). This method resolved the plasma into three collected fractions (light, medium, and heavy density) including a clearly visible LDL-containing zone (Fig. 1A) , and PCSK9 was analyzed by immunoprecipitation and Western blotting. Although the majority of plasma PCSK9 (58 Ϯ 3%, n ϭ 5) was present in a heavy density fraction (non-lipoproteins and HDL), a large proportion (42 Ϯ 3%) was recovered in the LDL-containing medium density fraction (Fig. 1B) . This fraction contained the majority of apoB and undetectable levels of immunoglobulin G1, indicating little to no contaminating nonlipoprotein components. PCSK9 was not detectable in the light density fraction containing VLDL. PCSK9 was co-immunoprecipitated using a polyclonal anti-apoB antibody to bind LDL from the medium density fraction (Fig. 1C) , confirming an association of PCSK9 with LDL. We were unable to detect LDLR extracellular domain by Western blotting in Optiprep fractions containing PCSK9 and LDL (data not shown); thus, shed LDLR-ECD is not quantitatively involved in PCSK9 binding to LDL in plasma.
Binding of PCSK9 to LDL, but Not VLDL or HDL, in VitroTo further assess the interaction of PCSK9 with lipoproteins, we performed in vitro binding experiments using purified secreted recombinant human PCSK9 covalently labeled with infrared fluorescent dye (DyLight800) and lipoprotein fractions isolated from normolipidemic human plasma by sequential potassium bromide flotation ultracentrifugation. LDL isolated in this manner did not contain detectable levels of endogenous PCSK9 (data not shown), perhaps due to stripping of peripherally associated PCSK9 under high salt and high g forces. PCSK9 was incubated with equivalent concentrations of VLDL (d ϭ 1.006 g/ml) and LDL (d ϭ 1.019 -1.065 g/ml) in buffer containing 1% w/v bovine serum albumin to saturate nonspecific binding sites, after which lipoprotein-PCSK9 complexes were separated from unbound PCSK9 by flotation ultracentrifugation in Optiprep gradients. After centrifugation, lipoprotein fractions were collected and analyzed by SDS-PAGE to visualize associated dye-labeled PCSK9. Under these conditions, PCSK9 did not bind to VLDL ( Fig. 2A) but was robustly associated with LDL, in agreement with our findings in human plasma. Association of fluorophore-labeled PCSK9 with LDL was decreased Ͼ80% by co-incubation with a 500-fold excess of unlabeled PCSK9. Immunoblot analysis to compare LDL binding of DyLight800-labeled PCSK9 versus unlabeled PCSK9 showed no FIGURE 1. Association of PCSK9 with LDL in human plasma. A, plasma separation in Optiprep gradients and fractionation scheme is shown. The sample in the tube on the right was stained with Coomassie R-250 to visualize typical distribution of proteins in the gradient; the sample on the left is unstained, allowing direct view of LDL. B, shown are immunoprecipitation and immunoblotting of apoB, IgG1, and PCSK9 in gradient fractions collected after separation of a pooled plasma sample from five fasted normolipidemic subjects. Blots were scanned, and band intensity was quantified using the LI-COR Odyssey infrared imaging system. Graphic representations are the average and S.D. from five separate experiments. C, LDL was immunoprecipitated (IP) from the medium density fraction using anti-apoB polyclonal antibody. Samples obtained using just protein A beads (ϪAb) and beads plus antibody (ϩAb) were subjected to SDS-PAGE and immunoblotted for apoB and PCSK9. * denotes band consistent with a furin-cleaved form of PCSK9 (34) .
appreciable difference (Fig. 2B) , indicating that covalently attached dye molecules did not affect PCSK9 ability to bind to LDL.
We were unable to assess PCSK9 association with HDL (d ϭ 1.065-1.21 g/ml) using Optiprep gradients due to poor separation. For this purpose we incubated FLAG-tagged PCSK9 with PCSK9-free LDL or HDL and subjected these reaction mixtures to FPLC to separate free PCSK9 from PCSK9 bound to lipoproteins. Column fractions within the size range containing lipoproteins of interest were analyzed for cholesterol to indicate lipoprotein elution, and PCSK9 was detected by immunoblotting for the FLAG epitope tag. The peaks for LDL and PCSK9 showed precise overlap, indicating PCSK9 binding to LDL (Fig.  2C) . Although HDL and free PCSK9 were not completely resolved by Superdex 200 chromatography, there was clear non-overlap of the respective peaks (Fig. 2C) , indicating that PCSK9 does not bind to HDL in vitro.
PCSK9-LDL Binding Studies-For determination of the PCSK9-LDL binding characteristics, we turned to an electrophoretic mobility shift assay to separate LDL-bound PCSK9 from unbound PCSK9 in agarose gels. We first performed saturation binding experiments using a constant amount of PCSK9-free LDL incubated with increasing concentrations of Dylight800-labeled PCSK9. The binding of PCSK9 to LDL displayed typical saturation binding (Fig. 3A) with a K D value of 325 Ϯ 68 nM (n ϭ 4). We next generated competition binding curves in which the binding of fluorophore-labeled PCSK9 to LDL was competed with increasing concentrations of unlabeled PCSK9 (Fig. 3B) . At the highest concentration of unlabeled PCSK9, binding of labeled PCSK9 was decreased Ͼ95%, indicating a high degree of specificity, and competition curves fit a one-site binding model (R 2 Ͼ 0.988). As expected for a homologous competition assay, the K i value of 399 Ϯ 65 nM (n ϭ 4) was in good agreement with the K D .
A Region in the PCSK9 Prodomain Is Required for LDL Binding-To examine protein regions of PCSK9 involved in LDL binding, we assessed a potential role of the PCSK9 prodomain. It has been shown that deletion of amino acid 31 (the N-terminal residue of mature PCSK9) to amino acid 52 does not affect PCSK9 maturation and secretion but increases LDLR binding (17, 44) . Purified recombinant FLAG-tagged wild-type PCSK9 or ⌬31-52 mutant (⌬53-PCSK9) were incubated with isolated LDL followed by separation in Optiprep gradients. As expected, wild-type PCSK9 strongly associated with LDL, but no binding was observed between LDL and ⌬53-PCSK9 (Fig.  4A) . Ligand blotting showed normal binding of ⌬53-PCSK9 to a purified protein consisting of the tandem EGF-A and EGF-B domains of the LDLR fused to GST (EGF-AB-GST) (Fig. 4B) , indicating that the ⌬53-PCSK9 protein was not misfolded.
LDL Does Not Interfere with PCSK9 Binding to the LDLR EGF-A Domain-PCSK9
has been shown to bind to the LDLR EGF-A domain through multiple interactions involving individual amino acid residues and surfaces in the PCSK9 catalytic domain encompassing a region from residue 153 (the N-terminal amino acid of the catalytic domain) to residue 381 (17) . To assess whether large LDL particles could sterically interfere with this interaction, we determined the ability of LDL-bound PCSK9 to bind to the LDLR EGF-A domain. For this and subsequent experiments we used a mutant PCSK9 containing a gain-of-function mutation (D374Y) that confers increased binding to the LDLR EGF-A domain at neutral pH (40) . This mutation did not affect binding to LDL (data not shown). LDL was incubated with DyLight800-labeled EGF-AB-GST and DyLight680-labeled PCSK9-D374Y emitting at a separate wavelength either alone or in combination. Reaction mixtures were then resolved on agarose gel electrophoresis, and dyelabeled protein co-migration with LDL was determined. As expected, PCSK9-D374Y shifted to a slower-migrating band in the presence of LDL, indicating LDL association (Fig. 5, lane 2) . EGF-AB-GST was slightly faster migrating than PCSK9-FIGURE 2. Association of PCSK9 with isolated lipoproteins in vitro. A, purified recombinant PCSK9 covalently labeled with infrared fluorescent dye (DyLight800) was incubated with isolated human VLDL or PCSK9-free LDL as described under "Experimental Procedures." Reaction mixtures were subjected to flotation ultracentrifugation in Optiprep density gradients, lipoprotein-containing fractions were collected, and portions were subjected to 4 -20% SDS-PAGE. Gels were scanned directly using the LI-COR Odyssey infrared imaging system to visualize dye-labeled PCSK9 and transferred to nitrocellulose for immunoblot analysis of apoB100 using an infrared dye (IRDye680) labeled secondary antibody. B, equal amounts of unlabeled PCSK9 and DyLight800-labeled PCSK9 were incubated with LDL and separated in Optiprep gradients as in A. LDL-containing fractions were subjected to SDS-PAGE, and PCSK9 was detected by immunoblot analysis. C, purified FLAG-tagged PCSK9 was incubated with isolated lipoproteins and separated by FPLC on Superose 6 (LDL) or Superdex 200 (HDL) columns. Fractions were collected and analyzed for cholesterol to determine elution profile of lipoproteins and immunoblotted for the FLAG epitope tag to identify PCSK9 peaks. The peak elution volume of purified PCSK9 run on Superdex 200 in the absence of HDL is indicated by an arrow.
D374Y and when incubated together these proteins did not form a complex, oligomeric or otherwise, that migrated near the LDL range but instead was intermediate between the two individual proteins (lane 5). EGF-AB-GST did not directly associate with LDL (lane 4) but co-migrated with LDL-associated PCSK9 when all three components were co-incubated (lane 6). We conclude that PCSK9 bound to LDL can simultaneously bind to the LDLR EGF-A domain, and the respective binding sites on PCSK9 for EGF-A and LDL do not physically overlap.
LDL Antagonizes PCSK9 Binding to Cell Surface LDLRs and Subsequent LDLR Degradation-We next determined the effect of LDL on PCSK9-mediated LDLR degradation in HuH7 human hepatoma cells. Cells were cultured in lipoprotein-deficient medium containing a statin (pravastatin) to induce LDLR expression before the addition of PCSK9-D374Y in the absence or presence of increasing concentrations of PCSK9-free LDL. Agarose gel electrophoresis separation of the medium showed that PCSK9 association with LDL increased dose-dependently (Fig. 6A) . LDL treatment alone resulted in a minor increase in LDLR levels in HuH7 cells (second through fourth lanes). In the absence of LDL, PCSK9-D374Y treatment (1.5 g/ml for 4 h) resulted in a Ͼ50% decrease in LDLR protein levels (Fig. 6B,  fifth lane) . LDL inhibited PCSK9-mediated LDLR degradation in a dose-dependent manner, with ϳ90% recovery of LDLR levels in the presence of 500 g/ml of LDL (eighth lane). PCSK9 cell association and uptake has been shown to be highly dependent on binding to cell surface LDLRs (40) . Similar to effects on LDLR degradation, LDL dose-dependently decreased cellular uptake of exogenous FLAG-tagged PCSK9-D374Y measured in the presence of 50 M chloroquine to inhibit lysosomal degradation of PCSK9 (Fig. 6C) , with Ͼ70% inhibition at the highest dose of LDL (500 g/ml).
Inhibition of PCSK9-LDLR Binding Interaction by LDL Is Independent of LDL Binding to LDLR-LDL could inhibit
PCSK9-mediated LDLR degradation through binding to the LDLR and affecting PCSK9-LDLR association by a competitive and/or allosteric mechanism. To assess this possibility, we transiently overexpressed in HuH7 cells either wild-type LDLR or FIGURE 3 . Binding studies of isolated LDL and recombinant PCSK9. A, isolated PCSK9-free human LDL was incubated for 60 min with increasing concentrations of Dylight800-labeled PCSK9 as described under "Experimental Procedures." Reaction mixtures were resolved on 0.7% agarose gels, and gels were scanned on the LI-COR Odyssey infrared imaging system. Bands corresponding to LDL-bound PCSK9 were quantified, and a saturation binding curve was fitted using non-linear regression. B, Dylight800-labeled PCSK9 was incubated with LDL in the presence of increasing concentrations of unlabeled PCSK9. Reaction mixtures were resolved on agarose gels, and LDL bound dye-labeled PCSK9 was quantified as in A. Data were fit to a sigmoidal inhibition curve using non-linear regression. Shown are representative experiments repeated three other times with similar results. FIGURE 4. An N-terminal region of the prodomain is required for PCSK9 binding to LDL. A, purified FLAG-tagged wild-type PCSK9 or N-terminal truncated PCSK9 (⌬31-52) were incubated with isolated PCSK9-free LDL before separation in Optiprep gradients as described under "Experimental Procedures." The LDL containing fractions was obtained, and associated PCSK9 was detected by SDS-PAGE and immunoblotting for the FLAG epitope tag. Unbound PCSK9 was detected after immunoprecipitation and immunoblotting. B, ligand blotting to LDLR EGF-A protein is shown. Purified recombinant LDLR EGF-AB domains expressed as a GST fusion protein was applied to nitrocellulose by slot-blotting. Blots were incubated with wild-type PCSK9 or ⌬31-52 mutant PCSK9 followed by washing and detection by immunoblotting for the FLAG epitope tag.
FIGURE 5. Simultaneous binding of PCSK9-D374Y to LDL and LDLR EGF-A domain.
Incubations were carried out for 1 h at 37°C containing the indicated combinations of LDL, Dylight680-labeled PCSK9-D374Y, and Dylight800-labeled recombinant LDLR EGF-AB domain fragment as a fusion protein with GST as described under "Experimental Procedures." Reaction mixtures were resolved in 0.7% agarose gels and transferred to nitrocellulose, and blots were scanned using the LI-COR Odyssey infrared imaging system using dual channel detection of dye-labeled proteins.
an LDLR construct containing a deletion of repeat 6 of the ligand binding domain (LDLR⌬R6). This deletion mimics a naturally occurring LDLR mutation associated with familial hypercholesterolemia (FH-Paris-1) resulting in defective LDL binding (2) . Ligand blotting showed that LDL binding to LDLR⌬R6 was decreased Ͼ90% compared with the wild-type LDLR, whereas PCSK9 binding to the mutant receptor was unaffected (Fig. 7A) . We next tested the ability of LDL to inhibit LDLRmediated cellular uptake of PCSK9 in transfected HuH7 cells in the presence of 50 M chloroquine to inhibit lysosomal degradation of PCSK9. LDLR-transfected cells were treated with sterols (cholesterol/25-hydroxycholesterol) to suppress endogenous LDLR expression before incubation with FLAG-tagged PCSK9-D374Y (0.5 g/ml; 4 h) in the absence or presence of LDL (500 g/ml). PCSK9 uptake was negligible in vector-transfected cells treated with sterols (Fig. 7B, lane 2) and occurred at similar levels in cells expressing either wild-type LDLR or LDLR⌬R6, indicating that PCSK9 binding and uptake into cells was mediated equally by either LDLR construct. Importantly, in cells expressing either wild-type LDLR or LDLR⌬R6, PCSK9 uptake was inhibited Ͼ70% in the presence of LDL (fifth and eighth lanes). Thus, the inhibitory effect of LDL on LDLR-mediated PCSK9 uptake does not require LDL binding to the LDLR but is likely manifest through the LDL-PCSK9 interaction. It should be noted that at the near physiological concentrations used in these experiments, the apoB100 component of LDL is in Ͼ125-fold molar excess to PCSK9; thus, we do not expect that PCSK9 could affect LDL binding to LDLRs nor would PCSK9 cell uptake as a component of LDL contribute substantially to measured PCSK9 uptake.
DISCUSSION
The current study investigates the association of PCSK9 with lipoproteins based upon previous size-exclusion chromatography studies demonstrating PCSK9 co-migration with LDLsized complexes in human plasma samples (35, 36) , a phenomenon that we have also observed. Herein, we confirm that PCSK9 is abundant within an LDL fraction isolated from human plasma using Optiprep density gradient separation. Indeed, Ͼ40% of total PCSK9 was present in the LDL fraction derived from a pooled plasma sample from fasted normolipidemic subjects (Fig. 1) . In cultured HuH7 cells, LDL dose-dependently inhibited the ability of exogenous recombinant human PCSK9 to mediate degradation of LDLRs and inhibited LDLR-dependent PCSK9 uptake into cells (Fig. 6 ). This inhibitory effect was observed in cell culture at LDL concentrations below that typically found in human plasma. We propose a model in which a large proportion of PCSK9 in human plasma that is LDL-bound has diminished binding activity toward cell surface LDLR. Thus LDL inhibits PCSK9-mediated LDLR degradation and could also negatively affect PCSK9 clearance rates, FIGURE 6 . LDL inhibits LDLR degradation caused by exogenous purified PCSK9 and PCSK9 uptake in HuH7 human hepatoma cells. A, PCSK9-D374Y mixture (1.5 g/ml; 20:1 ratio of unlabeled to Dylight680-labeled) was incubated for 45 min at 37°C with increasing amounts of LDL in lipoproteindeficient Medium B. An aliquot was subjected to agarose gel electrophoresis, and gels were scanned for fluorescent PCSK9. B, dose response for inhibition of PCSK9-mediated LDLR degradation by LDL is shown. HuH7 cells were cultured in sterol-depleting Medium C before incubation for 4 h with medium containing PCSK9-D374Y, and increasing amounts of LDL were prepared as in A. Protein in whole cell extracts were subjected to 8% SDS-PAGE followed by immunoblot analysis of LDLR and transferrin receptor (TfR). Secondary detection used an infrared dye (IRDye800)-labeled antibody. Blots were visualized and quantified using the LI-COR Odyssey infrared imaging system. LDLR levels were normalized to TfR expression. Graphical representations are the average and S.D. from five separate experiments. C, inhibition of LDLR-dependent PCSK9 cellular uptake by LDL is shown. Cells were cultured and treated with PCSK9 as in B but in the presence of 50 M chloroquine to prevent lyososomal degradation of internalized PCSK9. Recombinant PCSK9-D374Y present in whole cell extracts was detected by immunoblotting for the FLAG epitope tag. NA, no addition; * indicates a statistical difference between columns with significance p Ͻ 0.05 by Student's t test; **, p Ͻ 0.005. as this has been shown in mouse studies to be dependent upon PCSK9 binding to LDLRs (16) .
In vitro binding studies demonstrated a binding interaction between purified recombinant human PCSK9 and isolated human LDL but not VLDL or HDL (Fig. 2) . The observed binding to LDL was specific, saturable, and consistent with a single molecular site (Fig. 3) . The latter finding is highly suggestive that PCSK9 binds to the apoB100 protein moiety of LDL and not to lipid. If this is the case, it may explain the inability of PCSK9 to bind to VLDL. Previous studies have shown that numerous monoclonal antibody epitopes on apoB100 that are accessible in LDL are masked in larger triglyceride-rich VLDL particles (45) . It is also established that large VLDL binds poorly to the LDLR. Upon reduction in size due to lipolysis, a conformational change in the C terminus of apoB100 unmasks the LDLR binding site (46) . We were unable to conclusively demonstrate PCSK9 binding to apoB in LDL by covalent cross-linking due to a high level of nonspecific cross-links formed (data not shown). Proteomic studies have shown that isolated human LDL can contain numerous other protein species that we cannot rule out as contributing to PCSK9 binding (47) . In support of a direct binding interaction between PCSK9 and apoB100 of LDL, it has recently been shown that overexpressed PCSK9 binds apoB in the secretory pathway of rat McArdle cells and affects apoB secretion (48) .
Saturation binding experiments (Fig. 3 ) determined PCSK9 binding affinity to LDL to be in the high nM range (K D ϳ 325 nM), which falls within a range of binding affinities (170 -840 nM) previously reported for the in vitro interaction of PCSK9 with the LDLR EGF-A domain at neutral pH (13, 14) . Therefore, both PCSK9-interacting partners would be expected to bind at similar PCSK9 concentrations in vivo. Based upon the current data, we propose a model in which equilibrium binding of PCSK9 to LDL determines the proportion of plasma PCSK9 that is in an inhibited state (LDL-bound) versus an active state (unbound). When LDL-C is elevated, proportionally more PCSK9 would be bound to LDL and less active, leading to increased LDLR expression and plasma LDL-C clearance. Conversely, when LDL-C levels are low, a higher proportion of PCSK9 would be active, thus promoting liver LDLR degradation and limiting LDL-C clearance by the liver at the expense of peripheral tissues. In support of this theory, Grefhorst et al. (16) showed that recombinant PCSK9 infused into the circulation of mice to approximate steady-state physiological levels greatly diminished LDLRs in mouse liver while having no effect on LDLR expression in the adrenal glands. The innocuous nature of PCSK9 loss-of-function mutations in affecting human health (10, 49) suggests that such a protective role for PCSK9 may not be critical with a modern diet.
In a previous study, LDL was shown to inhibit the ability of PCSK9 to decrease LDLR-dependent cell uptake of DiI-LDL in HEK293 cells (50) . These authors suggested that LDL could antagonize PCSK9 by reducing the accessibility of binding sites on cell surface LDLRs or by causing an allosteric conformational change in the LDLR. This seems unlikely in vivo because (i) apoB100 at a typical concentration of 100 mg/dl in plasma is in large molar excess to PCSK9 (Ͼ250-fold), and (ii) the measured binding affinity of LDL for the LDLR is Ͼ20-fold higher than that of PCSK9 in vitro (13, 51) . A structural model based upon x-ray crystallization data also indicates that the respective binding sites for LDL and PCSK9 on the LDLR are not closely juxtaposed (17) . In the current study we demonstrate that the inhibitory effect of LDL on PCSK9 is independent of LDL binding to LDLRs (Fig. 7) . These data suggest an inhibitory mechanism whereby prior binding to LDL decreases the ability of PCSK9 to bind to the LDLR. Using an agarose gel co-migration assay, we determined that large LDL particles do not sterically interfere with the interaction between the PCSK9 catalytic domain and the LDLR EGF-A domain (Fig. 5) . However, this assay does not determine the relative binding affinity of PCSK9 to the EGF-A domain, which could be decreased by LDL through an allosteric effect on the PCSK9 molecule. Deletion analysis revealed that an N-terminal region of the PCSK9 prodomain (amino acids 31-52) is required for LDL binding (Fig. 4) . Interestingly, deletion of this region of the prodomain has been shown to increase PCSK9 binding affinity to the LDLR by Ͼ7-fold, suggesting its involvement in an allosteric conformation (17) . More recently the LDLR binding determinant in this region has been mapped to a highly conserved acidic tract (amino acids [32] [33] [34] [35] [36] [37] [38] [39] [40] that may interact with positive elements, perhaps within the histidine-rich C-terminal domain of PCSK9 (44, 52) . Therefore, it is possible that LDL affects an interaction involving the PCSK9 prodomain, resulting in decreased binding affinity for cell surface LDLRs.
PCSK9 has emerged in recent years as a major regulator of plasma LDL-C levels and associated cardiovascular heart disease risk. Efforts to inhibit plasma PCSK9 using anti-PCSK9 antibodies that block binding to the LDLR show extremely promising results in early phase clinical trials (27) . Regulatory mechanisms that affect a distinction between active and inactive forms of PCSK9 represent another potential avenue for developing hypocholesterolemic therapeutics targeting plasma PCSK9. The further characterization of the effect of LDL association on PCSK9 activity could illuminate such a regulatory mechanism.
